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Widely and Rapidly Tunable Semiconductor
Master-Oscillator Fiber Amplifier Around 1080 nm
Balaji Adhimoolam, Marvin E. Klein, Ian D. Lindsay, Petra Groß, Chris J. Lee, and Klaus-Jochen Boller
Abstract—We describe the wide and rapid wavelength tuning of
a continuous-wave master-oscillator power-amplifier system con-
sisting of a semiconductor-amplifier-based oscillator and an ytter-
bium (Yb)-doped fiber amplifier. The oscillator utilizes an acous-
tooptic tunable filter and an intracavity etalon to achieve wave-
length tuning of 36 nm in 5 ms. The 50-mW output from the master
oscillator was amplified to over 9 W in an Yb-doped fiber ampli-
fier.
Index Terms—Laser tuning, optical fiber amplifiers,
semiconductor lasers, semiconductor optical amplifiers.
I. INTRODUCTION
NEAR-INFRARED lasers with wide and rapid wavelengthtuning, so-called swept wavelength lasers, are important
for many applications such as Fourier domain optical coherence
tomography, optical frequency domain reflectometry, and fiber
grating array monitors [1]–[3]. Making such spectral properties
available in the 3- to 5- m range would enable a wide range of
spectroscopic sensing applications, e.g., distinguishing a large
variety of molecules in a short time. For real-time sensing,
the collection of optical data but also processing and display
must occur within 30–50 ms, which suggests that the laser
sweeps are only a few milliseconds. In addition, the spectral
linewidth should be narrower than the pressure broadening,
which is about 1 GHz at atmospheric pressure [4]. High-power
(watt-level) midinfrared radiation can be generated via optical
parametric oscillators (OPOs), in particular, continuous wave,
singly resonant OPOs (SROs) are well suited to molecular
spectroscopy. However, the relatively high threshold power re-
quires 5 to 10 W of pump radiation for efficient operation of the
SRO. Standard solid state laser systems can provide sufficient
pump power [5]. However, these lasers are fixed-frequency,
which requires that tuning be implemented in the SRO. Often
this involves mechanical motion or changing the temperature of
the nonlinear crystal, which restricts tuning to rather slow rates.
Much faster tuning can be achieved by pumping with a widely
and rapidly tunable pump source and by choosing a nonlinear
crystal with dispersion that provides a large differential tuning
rate (i.e., a small amount of pump tuning results in a large
amount of midinfrared tuning) [6]. In addition, the output of
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a pump-tuned SROs retains the spectral linewidth and wave-
length stability of the pump. Thus, it is important to realize
powerful, wavelength agile pump sources with sufficiently
narrow [subgigahertz (sub-GHz)] bandwidths [7].
Interesting candidates for pumping SROs with wave-
length-tunable radiation are cladding pumped ytterbium (Yb)
fiber lasers [8]. These lasers can be tuned with an acoustooptic
tunable filter (AOTFs), which enables wide and rapid tuning of
SROs [7]. But the insufficient frequency-selectivity of AOTFs
results in spectral bandwidths (typically 30 to 100 GHz) that are
often too wide for midinfrared spectroscopy. So far the most
attractive candidate SRO pump sources are master-oscillator
power-amplifier (MOPA) systems based on semiconductor os-
cillators and Yb-doped fiber amplifiers. The gain bandwidth of
Yb extends from 1.03 to 1.1 m, which is well matched to the
tuning range of InGaAs–GaAs semiconductor lasers [9]. dis-
tributed Bragg reflector (DBR) diodes offer a narrow linewidth
and rapid wavelength tuning, which has been transferred into
the midinfrared via fiber amplification and an SRO [10], [11].
Unfortunately, the tuning range of DBR lasers emitting around
1080 nm is limited to 2 nm, which, in turn, limits the range
of spectral coverage in the midinfrared to 21 nm [10]. External
cavity diode lasers with grating feedback and cavity length
control can provide both narrow bandwidth and wide tuning
[12]. However, as tuning relies on mechanical means, wave-
length agility is difficult to achieve. In this letter, we describe a
novel, rapidly tunable, near-infrared diode-fiber MOPA system
with sub-GHz spectral linewidth, up to 9-W output power from
1060 to 1100 nm.
II. EXPERIMENTAL SETUP
The master oscillator (Fig. 1) is based on a tapered GaAs
semiconductor amplifier (aperture dimensions: input 3 m;
output 190 m and length mm) with a specified gain
bandwidth of 50 nm centered at 1.08 m.1 The output of the
tapered amplifier is collimated by a mm lens (antire-
flection coated for 1064 nm, numerical aperture (NA) )
and circularized by a cylindrical lens mm . The ampli-
fier is placed in a 140-cm-long ring cavity where unidirectional
operation is ensured by a 60-dB Faraday isolator. Variable
output coupling is enabled by the combination of a polarizing
beam-splitter and a half-wave plate. An intracavity AOTF
(Brimstone, TEAF7-0.8-1.4-H, passband: 800–1400 nm), used
in a double-pass configuration, provides electronic wavelength
selection. An intracavity solid etalon (free spectral range
FSR GHz, ) acts as a narrowband filter. A
scanning confocal Fabry–Pérot interferometer with 3-GHz FSR
1Manufactured by Eagleyard photonics GmbH Berlin, Germany.
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Fig. 1. Experimental setup: T.A: tapered semiconductor amplifier;
HWP: half-wave plate; ISO: 60-dB Faraday isolator; AOTF: acoustooptic
tunable filter; PBS: polarizing beam-splitter; Yb DCF: Yb-doped double clad
fiber; DM: dichroic mirror; pump: 25-W diode laser.
and finesse 100 was used to measure the laser bandwidth
when the output wavelength is fixed. Absolute wavelength
measurement was obtained from an optical spectrum analyzer
(OSA) with a resolution of 0.015 nm (Ando AQ-6317). A
low-Finesse etalon with an FSR of 200 GHz, followed by a
photodiode, was used as a real-time wavelength monitor during
tuning. Following 60-dB isolation and polarization control,
the laser output is used to seed a 36-m-long double-clad
large mode area Yb-doped fiber. The fiber has an active core
(1000 ppm mol Yb O ) with diameter of 10 m NA
and a 400- m diameter NA D-shaped inner cladding.2
It is end-pumped from the output side by a 25-W diode laser at
wavelength of 976 nm.
III. RESULTS AND DISCUSSION
Without the intracavity etalon and with a fixed AOTF drive
frequency, the spectral bandwidth of the laser varies between
30 and 100 GHz, depending on the AOTF drive frequency. In-
serting the intracavity etalon reduced the linewidth to below
650 MHz, as measured with the scanning interferometer.
Rapid and wide tuning between 1061 and 1097 nm is accom-
plished by sweeping the AOTF driver frequency between 88 and
92 MHz. The longitudinal modes (transiently) assumed during
an AOTF sweep can be fine tuned by rotating the intracavity
etalon.
Fig. 2(a) shows the spectrum of the laser for a fixed AOTF
frequency and etalon angle as measured with the OSA. Fig. 2(b)
shows the time-averaged spectrum (averaging time 0.1 s) when
the laser wavelength is periodically swept. The wavelength
sweep was accomplished by applying a 100-Hz triangular
voltage to the AOTF driver, which causes it to linearly sweep
the drive frequency and yields a measured laser wavelength
coverage of 36 nm (the amplitude noise is due to the number
and spacing of data points stored by the OSA). The OSA did
not have sufficient resolution to determine if the instantaneous
laser linewidth was different during swept operation. However,
the work of Yun et al. suggests that it may be larger [13].
In order to investigate whether the laser tuning is monotonic,
the output was monitored with the 200-GHz FSR etalon.
Fig. 2(c) shows a monitor trace as the laser wavelength is
2Manufactured by IPHT Jena, Germany.
Fig. 2. Oscillator’s output spectrum. Subfigure (a) is the spectrum as measured
by an OSA when the AOTF frequency is held fixed. Subfigures (b) and (c) show
the time-averaged spectrum and the simultaneously recorded fringe pattern from
the monitor etalon as the laser wavelength is swept.
increased by 36 nm, corresponding to 47 fringes of the monitor
etalon. The smooth and periodic variation of the fringe pattern
shows that the tuning is indeed monotonic.
Fig. 3(a) and (b) show the OSA spectrum and monitor etalon
fringe pattern over a smaller, 5-nm range. It can be seen in
Fig. 3(a) that, on average, the laser tunes in steps of 0.13 nm,
which corresponds to the 33-GHz FSR of the intracavity etalon.
This is confirmed by the observation that there are six such steps
in every 200-GHz FSR of the monitor etalon [Fig. 3(b)]. This
also verifies that these steps occur sequentially within a single
sweep. The frequency stability of the laser at each step cannot
be resolved by the monitor etalon. It should be noted, that we
observed such systematic tuning only for sweeps of increasing
wavelength, while sweeps of decreasing wavelength showed ir-
regular fringes. A possible reason for this tuning asymmetry can
be a combination of four-wave mixing and self-phase modula-
tion [14].
Adjusting the etalon angle systematically changes the wave-
lengths along which the laser step-tunes. When tilting the intra-
cavity etalon during AOTF sweeping, we observed that the ap-
pearance of the steps seen in Fig. 3(b) could be tuned smoothly
across the entire 33-GHz FSR of the intracavity etalon, such that
all intermediate wavelengths in the entire gain bandwidth of the
laser can be accessed. In practice, this means that full spectral
coverage can be obtained by stepping the etalon angle by the
laser linewidth between AOTF sweeps, and then interleaving
the data obtained from each sweep. Since the etalon only moves
between AOTF sweeps and in fixed steps, the need for careful
synchronization of the etalon and AOTF tuning rates is avoided.
Of the average output of the laser (50 mW), 35 mW was
available behind the optical isolator and polarization optics for
seeding the amplifier. The output power of the amplifier was
measured using a calibrated silicon photodiode. As shown in
Fig. 4(a), the amplifier output power is quite flat, varying be-
tween 8.5 and 9.1 W over the tuning range, indicating that the
amplifier is saturated within all but the edges of the tuning range.
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Fig. 3. Tuning over 5 nm in steps of 33 GHz, corresponding to the FSR of
the intracavity etalon. (a) Averaged output spectrum, observed at the spectrum
analyzer. (b) Monitored at the 200-GHz FSR etalon.
Fig. 4. Amplifier output power and spectral properties. Subfigure (a) shows the
output power variation with seed wavelength. Subfigure (b) shows the output
spectrum at a fixed seed wavelength as measured by an OSA.
Finally, of concern for MOPA systems is the amount of am-
plified spontaneous emission (ASE) from the diode oscillator
or the fiber amplifier. Fig. 4(b) shows the output spectrum from
the MOPA system when the oscillator wavelength is fixed at
1079 nm and the amplified power is 9 W. It shows that ASE is
suppressed by more than 40 dB. Similarly, the suppression over
the entire tuning range was found to be between 30 and 40 dB.
The amplified laser linewidth was measured to be unchanged
from that of the oscillator.
IV. SUMMARY AND CONCLUSION
We have described the properties of an MOPA system com-
prising a master oscillator based on a semiconductor tapered
amplifier and an Yb-doped fiber based power amplifier. The
system is capable of being systematically tuned over a 36-nm
range at stable multiwatt powers. The 50-mW laser output,
wavelength swept at a rate of 100 Hz, was amplified to over 9 W.
This combined with the sub-GHz spectral bandwidth are of
interest for efficiently down-converting such spectro-temporal
properties to the midinfrared spectral region.
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